Simulation of coupled subsurface (reservoir) and surface (network) systems is a challenging problem and can become a daunting task if one considers computationally intensive multi-reservoir models and realistic surface network facilities. Accurate production forecast is especially important in long-term field development plans. Integration of production systems, including reservoir, wellbore and surface facilities can be done using separate simulators (explicit) or in a seamless fashion by creating a large scale model (fully implicit) that can take into account all of the individual components in a single software. Unlike the implicit formulation, the explicit method is very flexible, allowing the integration of commercial-of-the-shelf simulators. However, as a drawback, it can yield inaccurate and oscillatory solutions. In this work, a new framework for mitigating explicit coupling instabilities (oscillations) is developed by recasting the problem in a control setting. Results from this work allow fast turn arounds in large-scale simulation of coupled surface-subsurface models. Explicit coupling can present error and consequently oscillation that can grow unmanageably throughout the simulation, because the IPR curve and operating point flow rate (q_OP) exchanged at the beginning of a time step between reservoir simulator and coupling program, may not be representative for the entire coupling interval. In order to mitigate the numerical oscillations, a feedback control system, namely a PID (i.e., proportional, integral and derivative) controller is applied. The PID controller, with parameters (K_C,τ_I,τ_D) tuned manually for a group of well settings, adjusts the IPR curves generated by the reservoir simulator so that the error between the bottom-hole pressure calculated by the reservoir simulator (BHP_RS) and the bottom-hole pressure obtained in the operating point (BHP_OP) is minimal. In this case, a corrected value of the operating flow rate (q_OP) is obtained. The new methodology was tested in a synthetic numerical model (UNISIM-I-D) based on Namorado field (Campos Basin -Brazil), which is comprised by 36,739 active cells and 20 satellite wells (7 injectors and 13 producers). The results indicate that the PID control indeed reduce the rate and pressure oscillations as expected by a more theoretical control point of view, and outperforms the base scenario, which represents the network system of producer wells by proper pressure drop tables.
Introduction
Simulations integrating subsurface and surface systems, known as Integrated Asset Modelling (IAM) or Integrated Production Modelling (IPM), are important in field development/optimization studies (Ghorayeb et al., 2005) as it can lead to better reservoir prediction performance assessments and potentially higher production and financial outcomes. Proper surface/subsurface integration brings greater accuracy in predicting reservoir deliverability as it captures the complex interactions between reservoirs, wells, pipelines and surface/process facilities. The realism of such computations depends heavily on the type of integration mechanism implemented.
The nomenclature of integration techniques varies in the literature. In this work, it is adopted the nomenclature as defined by Hohendorff Filho & Schiozer (2016): 1. Decoupled method: tabulated data or data files containing multiphase flow information representing the required pressure to produce (Outflow Performance Relationship -OPR curve), is introduced in the reservoir simulator in order to represent the network system (Bento, 2010) . 2. Explicit coupling: multiple simulators are combined to simulate the fluid flow in each system of the field (Hiebert et al., 2011; Hohendorff Filho & Schiozer, 2014) , and the exchange of data between them (balancing) is automated; it happens through the use of standard interfaces or simple methods for file sharing from a common repository (Hiebert et al., 2011) . 3. Implicit coupling: a single simulator is used to perform the entire simulation (subsurfacesurface), therefore the solution of all governing equations is calculated within the same framework (Hiebert et al., 2011) .
Decoupled method is simple and widely used in the petroleum industry, however it may not be applied in complex scenarios involving, for instance, mixture of compositional fluids produced from multiple reservoirs or complex production systems.
The application of implicit coupling may avoid instabilities associated with the pressure reconciliation between network and reservoir systems. However, it may not be the best procedure in several situations due to problem formulation complexity, which involves two systems with different physical characteristics in just one simulator. Thus, it can trigger for instance excessive computational time.
According to Victorino et al. (2016) , the advantages of explicit coupling are related to well management alternatives and freedom to select reservoir/production systems software. However, as drawback of the method, instabilities in the results can occur during the process, which can be mainly attributed to the non-continuous balancing between simulators (Cao et al., 2015) . In this paper, a novel methodology based on feedback control, proposed to minimize subsurface and surface systems explicit coupling oscillations is explored.
In this context, explicit coupling requires data exchange between a reservoir simulator and a coupling program, which can be accomplished by the passage of the Inflow Performance Relationship (IPR) curves from the reservoir simulator to the coupling program and well operating point (fixed constraint) from coupling program to reservoir simulator. This process takes place at the beginning of each time step (Figure 1 ), thus the IPR curve and the fixed constraint sometimes may not be representative for the entire coupling interval, causing errors and oscillations in the results throughout the simulation.
Reservoir simulator traditionally calculates the IPR curve based on Peaceman equation (Peaceman, 1978) , which is dependent on well block pressure ( ) and can be represented by Equation 1 for producer wells. In physical terms this Equation is equally valid for injectors given a sign change, indicating injection flow rate and injectivity index ( ) instead of production flow rate and productivity index ( ). (Figure 2 ) while the second a grid block value in the well completion zone (Figure 3 ). Several techniques were proposed to reduce the explicit coupling oscillation problem calculating a stable IPR curve based on � . In this case, some authors have defined different methods to determine � : subdomain simulation (Guyaguler et al., 2010) , simulation of simultaneous flow tests (Liang et al., 2013) , and analytical scaling combined with fast marching method (Zhang et al., 2017) . Other techniques proposed to reduce the explicit coupling instabilities includes:
• Correction of traditional IPR curve generated by reservoir simulator applying an equation correlating and flow rate (q) ; and • Determination of optimum time step size using adaptive time stepping technique, assisted by the PID (i.e., proportional, integral and derivative) controller algorithm proposed by Gustafsson et al. (1988) (Redick, 2017) .
In this work, the benefits of explicit coupling are evaluated through a case study involving network and reservoir systems of UNISIM-I-D benchmark, which is a synthetic numerical model based on Namorado field -Brazil (Avansi & Schiozer, 2015) . It is shown that the explicit coupling of subsurface and surface systems present non-physical oscillations. As pointed before, many fixes have been proposed to mitigate this problem. Here, a different approach is taken based on recasting the whole coupling in a control framework, applying the concept of PID control to minimize the instabilities simpler and more efficient than current methods in use.
ECMOR XVI 2018 -16 th European Conference on the Mathematics of Oil Recovery 3-6 September 2018, Barcelona, Spain PID controller is a control loop feedback mechanism, which has the purpose to stabilize a system by bringing its error, defined as the difference between desired set point and measured variable, to zero. Because of its robust performance and simplicity, this automatic control technique is widely used in engineering problems.
The PID controller algorithm applied to minimize the explicit coupling oscillation problem of UNISIM-I-D benchmark, has parameters ( , , ) tuned manually for a group of well settings. Results indicate that the new technique work properly in the case study, minimizing the instabilities of flow rate and pressure. This paper has the following three objectives:
1. Using PID controller, apply a correction to the traditional IPR curve generated by the numerical reservoir simulator in order to determine a more representative operating point for the entire coupling time step, attempting to minimize the explicit coupling instabilities; 2. Evaluate the new methodology performance by a comparison of its results with base case, which in this work, considering the simple production system, is the decoupled method with reliable response; 3. Perform a sensitivity analysis study with PID parameters ( , , ) in the wells, intending to define the effects of each parameter on the results.
Introduction to PID control theory
Automatic control in engineering and technology is a broad term covering the application of mechanisms to operate and regulate processes without continuous human intervention.
According to Dorf & Bishop (2017) , automatic control continually measures process operating parameters such as temperatures, pressures, levels, flow rates, speeds, positions and concentrations, and then makes decisions to, for example, open valves, slow down pumps and turn up heaters so that the selected process measurements are maintained at desired values.
Fundamentally, there are two control types ( Figure 4 ): open loop and closed loop. In open loop, the control action is independent of the process output whereas in closed loop (feedback control), the control action is dependent on the process output. In both cases, the controller is responsible for generating a signal to be applied into the process. its robust performance and function simplicity, which allows engineers to operate them in a simple and straightforward manner.
The fundamental operation of a PID controller can be represented in the block diagram of Figure 5 . According to Cooper (2005) , Ogata (2010) and Dorf & Bishop (2017) , a sensor obtains the measured process variable, term to be controlled in order to become equal or sufficiently close to the set point, and transmits the signal to the controller. This measurement feedback signal is subtracted from the set point (desired or specified value for the measured process variable) to obtain the controller error. The error is used as input of the PID controller in order to compute its output signal. The signal promotes a change in the final control element (i.e., valve), which in turn causes a change in the manipulated process variable (variable used to control the process). An appropriate change in the manipulated variable works to keep the measured process variable at the set point (stabilizing the system with error close to zero) regardless of unplanned changes in the disturbance variable (undesirable non-controlled process input) ( Figure 6 ). (Ogata, 2010) .
The output of a PID controller is determined by the sum of proportional, integral and derivative terms, and can be calculated by the continuous PID controller algorithm (Equation 2). Another way to represent the PID controller algorithm is by its discrete counterpart equation, which can be obtained from the time discretization of Equation 2, and is used in computers since they operate in discrete time (Franklin et al., 1998) . Basically there are two forms of discrete PID controller algorithms: absolute or positional algorithm (Equation 3) and incremental or velocity algorithm (Equation 4).
According to Haugen (2004) and Seborg et at. (2016) , each component of the PID controller (proportional, integral, derivative) has specific characteristics:
1. Proportional (present): computes a contribution to the control output proportionally to the current error size, thus its influence will grow when the error increases; and action towards set point value is quicker than the integral term, but more sluggish than the derivative term. 2. Integral (past): continually sums or accumulates error over time, thus its influence increases when either positive or negative error persists for some time; and action towards value is relatively sluggish. 3. Derivative (future): based on slope or rate of change in error; influences grows when error is rapidly changing in order to slow down such movement; action towards set point is very fast (abrupt); and very sensitive to noise because differentiation amplifies noise, therefore can cause the process to be unstable.
The PID implementation can be done in four different ways: P controller ( → ∞ and = 0), PI ( = 0), PD controller ( → ∞), and PID controller (Astrom & Hagglund, 1995) . From those, P only controller is driven by a non-zero error, therefore it generally operates with steady-state error; and PI controller is the most common form, because the derivative term is sensitive to measurement noise, while the absence of integral term may prevent the system from reaching the set point value.
Another important aspect of PID controller is the tuning phase, which means the selection of appropriate gains or coefficients as in Equations 2, 3 and 4. There are many design techniques used to determine the best choice of parameters for each individual process. In general, for complex systems, empirical selection may be used. To this end, the Ziegler & Nichols (1942) method is widely used to select the ideal values of , and that will drive the process to stability with error close to zero. Manual trial and error determination of the gains can also be used.
Methodology
Explicit coupling is the IAM technique used in this work to integrate subsurface and surface systems of UNISIM-I-D benchmark. In this case, an adaptive time step varying between 2 to 31 days was considered in the simulations and besides that 3 different software were applied: 1. A reservoir simulator to evaluate fluid flow in porous media; 2. A production system simulator to investigate fluid flow performance in the artificial structures (production column, flowline and riser) and estimate pressure drop; 3. An in-house coupling program to manage the process of data exchange between simulators. The explicit coupling between reservoir and production systems can cause producer and injector wells to either keep opened with possible oscillation issues in bottom-hole pressures (BHP) and flow rates (q), or close as consequence of unstable solutions. Thus, a new methodology based on PID controller is implemented in order to minimize couplings instabilities. Figure 7 is the complete schematic flowchart considered to integrate reservoir and production system simulators. It shows the stages performed in the coupling program at each time step considering PID controller as the technique applied to mitigate the oscillation problems.
Figure 7 Flowchart of coupling program with PID controller (Hohendorff Filho, 2012).
In Figure 7 , the PID controller, as defined by Equation 4, is implemented globally, i.e., a single control strategy is applied to all of the wells simultaneously. This is known in the control literature as a centralized controller, as opposed to a decentralized strategy, whereby multiple PID controllers (one for each well) need to be defined. In the case study, two global PID controllers for wells presenting instability problems compose the methodology selected: one for the group of injectors and another for the group of producers. Both controllers are tuned manually to define the ideal values of , and that lead the process to minimize the oscillation problem.
Constants , and play one of the most important roles in the process. A proper tuning can drive the system to stabilization with error close to zero while an incorrect tuning can keep the system oscillating or even destabilize completely. Therefore, a sensitivity analysis study is done for the purpose to figure out the effect of each PID parameter in the results. This study is performed using individual instead of global PID controllers, and the influence of parameters is determined varying one while the other two are kept constant.
In order to check the new methodology performance in the case study, BHP and flow rate of injector and producer wells presenting instabilities are compared with a base case (decoupled method). Besides that, a global comparison in terms of field total water injection rate and total oil production rate is done considering the two integration techniques: explicit coupling with PID controllers and decoupled method.
The following paragraphs are dedicated to explain the details of new principle formulated. At the beginning of each time step, coupling program receives the IPR curve from reservoir simulator, applies a correction to it based on the PID controller actuation strategy (process described next) and ECMOR XVI 2018 -16 th European Conference on the Mathematics of Oil Recovery 3-6 September 2018, Barcelona, Spain calculates a new operating point ( , ), which is possibly more representative for the entire coupling interval than the operating point calculated with the IPR without correction. It is important to note that the operating point expresses the condition the well is supposed to work during the time step. Figures 8 and 9 show how the operating point is obtained for injector and producer wells respectively. Injector wells operating point is calculated by the intersection of maximum BHP, which is a well restriction imposed by the network system, and IPR curve; while producer wells operating point is calculated by the intersection of IPR and OPR curves. As a general restriction, just one variable is allowed to be imposed in the reservoir simulator as fixed constraint for the entire coupling interval. In this work, as consequence of used subsurface simulator limitation in explicit couplings, it is always the operating point flow rate ( ) (PID manipulated variable). Therefore, in order to lead the process to match the correct behavior, operating point bottom-hole pressure ( ) is defined as the PID controller set point ( ) and well bottom-hole pressure calculated by the reservoir simulator ( ) is taken as measured variable [ ( )].
At the end of the coupling interval, the well flow rate ( ) is equal to and the difference between set point and measured variable is the error [ ( )] (Equation 5).
At the beginning of next time step, ( ) is the input to the PID controller algorithm as in Equation 4 (discrete velocity). The PID controller output [ ( )] is used by the coupling program to calculate an estimation of a stable pressure ( ) capable to correct the IPR curve received from reservoir simulator, in such a way that the new IPR curve can be used to determine a proper operating point for the next entire coupling interval. Equations 6 and 7 are used to calculate the estimation of for producer and injector wells respectively.
In the next step, applying , the IPR generated by reservoir simulator is corrected changing its linear and angular coefficients. Both modifications are consequence of the replacement of per in the IPR curve. 
Figure 10 Schematic procedure of injector well IPR correction and calculation of a new operating point.

Figure 11 Schematic procedure of producer well IPR correction and calculation of a new operating point.
In summary, at each time step, the PID controller receives one input [ ( )], and generates one output [ ( )] that is used to correct the traditional IPR curve generated by reservoir simulator. This correction, is finally addressed by the coupling program, which uses the corrected IPR curve to calculate a new operating point. This whole process is repeated until the end of the simulation time span. 
Figure 12 PID controller block diagram of the methodology implemented to minimize oscillation problems of subsurface-surface explicit coupling of UNISIM-I-D benchmark.
Application
The study is applied to the UNISIM-I-D benchmark (Avansi & Schiozer, 2015) , which is based on geomodel of Namorado Field, located in Campos Basin in Brazil. The simulation model has a grid block defined as 100 x 100 x 8m discretized into a corner point grid with a total of 81 x 58 x 20 cells, of which 36,739 are active ( Figure 13 ). The case study has 1461 days initial history production of 4 vertical wells (NA1A, NA2, NA3D and RJS19) starting on 31 st May 2013, and exploitation strategy is defined until 31 st May 2043. The exploitation strategy considered in this project, called E9, was optimized based on the standalone simulation model, which was developed applying the 12 steps methodology of Schiozer et al. (2015) . It has waterflooding as secondary recovery method and is composed by 20 wells. From history production, wells NA2, NA3D and RJS19 were closed and IL_NA1A keep opened during forecast stage. Mere details are present in Table 1 . The operating conditions of producer and injector wells are present in Table 2 . These additional restrictions represent system limits imposed by management rules of the field. They need to be checked out at each time step by coupling program during the integration of subsurface and surface systems. The production system considered in this work is comprised by satellite wells (Figure 14 ) with 166m of water depth, which connect the bottom-hole to the separator on the platform of UNISIM-I-D benchmark. Production column, flowlines and riser compose these satellite wells (Figure 15 ).
The geometric factors (pipe diameters) of the production system adopted to all wells on UNISIM-I-D benchmark (Table 3) were the ones optimized by Victorino et al. (2016) , which were selected considering net present value as the objective function.
To generate the OPR (Outflow Performance Relationship) curves for producer wells, the following information for Black oil model were the input of the production system simulator:
1. Oil, gas and water specific gravities (Table 4) ; 2. Pipe diameter (Table 3) , length (Table 5 ) and relative roughness (0.0006); 3. Reservoir and separator temperatures (Table 6 ) with vertical linear thermal gradient; 4. Liquid rate ( ); gas/liquid ratio ( ); water cut ( ); 5. Well head pressure ( ).
The following correlations were selected to be used in the production system simulator calculations: Standing (1947) for oil formation volume factor ( ), Lasater (1958) for oil bubble pressure ( ) and solution gas oil ratio ( ), and Beggs & Brill (1973) for pressure drop. Figures 18 and 19 present, respectively, oil rate and BHP instabilities in producer wells. In this case, 3 from a total of 13 producers, have both variables affected when subsurface-surface systems are integrated by the explicit coupling without a technique to control the oscillation. Therefore, in this case study results indicate that producers are more stable than the injectors in terms of oscillatory behavior. To minimize the instabilities, a new methodology based on control engineering was developed. In particular, a new framework using PID controller as depicted before in Figure 5 was employed. Two global PID controllers, manually tuned, were implemented in the case study: one for the group of 7 injectors and another for the group of 3 producers.
There are many combinations of constants , and capable of minimizing the os cill atory behavior of the explicitly coupled subsurface-surface systems. To make the tuning process as fast and efficient as possible, just one set of PID parameters was selected for the two global PID controllers, eliminating the necessity of a well by well tuning. This is called centralized control design approach. In this case, = 0.00095, = 8.7 and = 6.5 were chosen as ideal constant values. Figures 22 and 23 show respectively oil rate and BHP of producer wells after application of tuned PID controllers. They indicate that both variables are controlled with no oscillation after application of the new technique.
All of these results show a promising application of PID control framework to reduce the pressure and rate oscillations as expected by a more theoretical point of view. Although not studied in depth in this project, many of the performance checks for the PID controller design can be explored for an enhanced stability and behavior analysis. This can involve a study of the design parameters such as rise time, settling time and overshoot depicted before in Figure 6 .
Besides oscillation mitigation, the proposed formulation offers advantages in terms of computational efforts. The application of PID controllers allows the reduction of error propagation in the solutions, reflecting in lower simulation time compared to the case where controllers are not used (Table 7 ). In addition, it is in essence a non-intrusive technique, and thus do not require access to any reservoir simulator internal code. On the other hand, global results are also very similar between new methodology and base case as depicted in Figure 26 , which shows a comparison in terms of field total water injection rate and total oil production rate. Therefore, the new technique performance demonstrates to be effective locally and globally in the case study. In order to check the robustness of the method, sensitivity analysis study was performed with PID parameters after a step change of 5 kgf/cm 2 in the set point value. Well INJ 023 was selected for the test and controller structure was implemented in three different forms: Proportional (P), ProportionalIntegral (PI) and Proportional-Integral-Derivative (PID). In this case, , and constants were allowed to vary only in this well.
Initially, the P only controller was implemented ( = ∞ and = 0) and parameter varied. Results obtained when = 0.005, = 0.01 of and = 0.05 were applyied to the coupled system, can be seen in Figures 27, 28 Oscillation amplitude was reduced by the increase of value, however the P only controller was not capable of eliminating the steady-state error. Therefore, the PI controller was implemented ( = 0) and parameter varied while was fixed. Figures 30 and 31 represent respectively, the results obtained by the application of = 10 and = 5 with = 0.05.
Steady-state error was eliminated reducing value, but the oscillation increased. Therefore, in the next step was increased. Figure 32 shows the system results when was increased to 0.12 and 5 was the value applied to integral time ( ).
The increase of value reduced the oscillations, but as a drawback, a big overshoot has appeared in the system. In this case, the derivative term was implemented by the addition of parameter, and a PID controller was applied. Figure 33 The overshoot and settling time were reduced by application of derivative term. As a result, the proper tuning of constants , and of PID controller applied to well INJ 023, minimized the oscillations and lead the system to stabilize with error close to zero.
The PID parameters worked as expected by classical theory (Seborg et al., 2016; Akakpo & Gildin, 2017) , and a summary of the effects caused by each constant in the results of well INJ 023 is presented in Table 8 . 
Conclusions
Automatic control based on closed loop feedback mechanism, in this case PID controllers, is a wellknown, simple and robust engineering technique. It has great potential to bring innovation when applied to an area where it is relatively new, such as integration between reservoir and production facilities.
In the case study, the control engineering technique shown to be a potential method to minimize the oscillations in subsurface and surface explicit coupling, with low computational cost and avoiding access to reservoir internal code. Besides that, the new methodology outperformed the base case with PID parameters working as expected by the classical control theory.
This technique is very flexible and can be improved by new implementations. Depending on the case study, different terms can be selected as set point, measured and manipulated variables in order to make the PID controller performance as better and efficient as possible.
Future work will be dedicated to determine a PID controller tuned automatically, which can be applied in many different scenarios presenting oscillatory results as consequence subsurface-surface explicit coupling. 
Nomenclature
